The inverted repeat is a common feature of protein-binding sites in DNA. The two-fold symmetry of the inverted repeat corresponds to the two-fold symmetry of the protein that binds to it. In most natural invertedrepeat binding sites, however, the DNA sequence does not have perfect two-fold symmetry. Our study of how a site-specific recombinase recognizes an inverted-repeat binding site indicates that such sequence asymmetry can be functionally important. Results: Tn3 resolvase forms two complexes with the 34 base-pair binding site II of its recombination region, res. A resolvase monomer first binds at the left end of the site; a second monomer then binds cooperatively at the right end. In both complexes, the DNA is bent by resolvase. In contrast, the closely related y 8 resolvase binds to site II mainly as a dimer. Insertion of 5 or 10 base pairs at the centre of the site does not prevent cooperative binding of two Tn3 resolvase subunits. The fully occupied site II has a very asymmetric structure. Reversal of the orientation of site II in res blocks recombination; thus, its asymmetric properties are functionally important. We propose a structure for the two-subunit complex formed with site II, based on our results and by analogy with the co-crystal structure of y 8 resolvase bound to res site I. Conclusions: Deviations from perfect inverted-repeat symmetry in a resolvase-binding site lead to ordered binding of subunits, structural asymmetry of resolvase-DNA complexes, and asymmetric function.
Background
Many DNA-binding proteins recognize sequences that have full or partial inverted-repeat symmetry. When bound to the DNA, these proteins are normally found as a two-fold symmetric unit, such as a 'head-to-head' dimer or a tetramer. Inverted repeats can vary considerably in length; for example, some restriction endonuclease recognition sites are 4 base pairs (bp) long, and the binding site of the Escherichia coli regulatory protein CAP is 22 bp in length. A peculiar feature of the longer inverted repeats is that the two-fold symmetry is rarely perfect; that is, the sequences of the two half-sites do not match exactly. There are several possible reasons for this; for example, perfect inverted repeats might be genetically unstable, or the differences between the ends might simply be the result of neutral mutations.
It has been suggested recently that proteins might bind to longer DNA sites in stages, with shorter sequence motifs providing the initial targets for recognition [1] . Here, we report results showing that this proposal may be valid for recognition by Tn3 resolvase, because one end of site II of its recombination region res (see next paragraph) is occupied first by a resolvase subunit. Our results also suggest another reason for deviation from perfect invertedrepeat symmetry -although the fully bound inverted repeat (site II) interacts with a dimer of Tn3 resolvase, the structure of the complex is very asymmetrical.
Furthermore, this structural asymmetry, which is induced by the DNA sequence, is essential for the complex's role in the recombination reaction.
Tn3 is a transposon of Gram-negative bacteria. It encodes three proteins -a -lactamase, a transposase and a resolvase. Tn3 resolvase binds to a 114 bp DNA sequence known as res, where it regulates transcription from the divergent tnpA (transposase) and tnpR (resolvase) promoters. Tn3 resolvase also catalyses sitespecific recombination between two copies of res to resolve the circular 'cointegrate' intermediate of replicative transposition into two smaller circles that each have one copy of Tn3. This reaction can be reproduced in vitro, using supercoiled plasmids with two directly repeated copies of res and purified Tn3 resolvase (Fig.  la) . Tn3 resolvase is a member of a large family of recombinases, which includes other resolvases and DNA invertases (reviewed in [2] [3] [4] [5] ). The Tn3 and y8 resolvases and their respective res regions are very similar; indeed yB resolvase promotes resolution at Tn3 res, and vice versa.
Conclusions from experiments carried out on one of these systems generally apply to both.
Three separate inverted-repeat binding sites (I, II and III) for resolvase are present in res; each of these sites is of different lengths (28, 34 and 25 bp, respectively) and unequally spaced ( Fig. lb; [6] ). All three sites are essential for recombination. Each site consists of inverted 12 bp
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domain of y/ resolvase (43 amino acids) binds to res (or parts of res), but with a lower affinity than the intact protein [7] . Tn3 and y/ resolvases are dimeric in concentrated solution [12, 13] . The dimer interface has been characterized crystallographically and by mutagenesis (reviewed in [5] ). The crystal structure of the aminoterminal domain of the y/ resolvase has been determined [14, 15] , and more recently the structure of a -y/ resolvase dimer bound to res site I has been solved [16] .
In gel-retardation experiments, y8 resolvase formed three separable protein-DNA complexes with resinterpreted as corresponding to the binding of one, two or three resolvase dimers to the three inverted-repeat binding sites [17] . However, in similar assays with Tn3 resolvase [8, 18] , six complexes were observed, alternately of weak and strong intensity in order of decreasing mobility. It was suggested that Tn3 resolvase binds initially as a monomer, and that the more abundant complexes indicate cooperative binding of additional monomers to form dimers on the DNA. The interpretation of both sets of data was provisional, because the resolvase:DNA stoichiometries of the complexes were not determined. For example, the possibility that the fully bound sites were occupied by resolvase tetramers was not excluded. motifs that are recognized by the carboxy-terminal domain of resolvase; these motifs flank a central 'spacer' sequence of 4 bp (site I), 10 bp (site II) or 1 bp (site III). The 12 bp motifs conform to a consensus sequence, but are all different from one another; the carboxy-terminal domain of resolvase has different affinity for different binding sites [6] [7] [8] [9] [10] [11] . The structures of complexes of resolvase with the three binding sites of res must differ dramatically as a result of the variation in length of the spacer sequences.
The 20 kDa resolvase is separable into two domains [7] . The larger, amino-terminal domain (140 amino acids) contains catalytic residues and is responsible for all of the known subunit interactions. The isolated carboxy-terminal
The breaking and rejoining of the DNA strands during recombination takes place at the centre of res site I ( Fig.  lb; [19] ). Catalysis is carried out by the resolvase bound to site I, but also requires the assembly of a large synaptic complex with additional resolvase subunits bound to sites II and III. It is hypothesized that resolvase subunits bound at the 'accessory sites' (II and III) define the topological interwrapping of the two res regions [4] and do not participate directly in catalysis [20] . Various structures for the synapse have been proposed (reviewed in [5] ). One possible arrangement of resolvase subunits and DNA is shown in Figure c .
At 34 bp, site II is the longest of the three resolvase binding sites; indeed it is one of the longest invertedrepeat sites identified to date. It is not known how resolvase binding at site II accommodates the extra 6 bp of DNA relative to site I. The inverted-repeat symmetry of site II is far from perfect (Fig. 2) , and footprinting experiments have suggested that there is asymmetry in its interaction with y resolvase [6, 11] . We show here that the left and right ends of site II have different affinities for a Tn3 resolvase monomer, and that the sequence asymmetry leads to a structurally and functionally asymmetric complex with a resolvase dimer.
Results
Site II forms a complex with one or two Tn3 resolvase monomers Two major protein-DNA complexes were observed when a 93 bp DNA fragment containing site II (Fig. 2) Fig. 2 . Sequences of res site II and variants used in the binding experiments described here. The full sequence shown (11) is that of the natural Tn3 res site II, which is demarcated by the shaded box; the vertical dashed lines indicate the ends and the centre of the site. L and R indicate the left and right ends of site II; the first four base pairs outside the site at each end are also as in Tn3 res. The base pairs of the site are numbered as shown. The two long arrows indicate the 12 bp motifs that bind to the carboxy-terminal domain of resolvase. The small vertical arrows mark the base pairs that differ between the two 12 bp ends. The sites were cloned into the polylinker of pUC18 (see Materials and methods). In the gel-retardation experiments, we used end-labelled EcoRI-Hindlll restriction fragments with an additional 20-40 bp of polylinker sequence at each end of site II; the numbers in brackets after the name of the site denote the total length (in base pairs) of the labelled fragment. IIA5, IIA10, 11A17 and 11A22 have deletions of the parts of site II denoted by the corresponding thick black line. 11+5 and 11+10 have the indicated insertions at the centre of the site II sequence.
was incubated with Tn3 resolvase and the resulting products were separated on a non-denaturing polyacrylamide gel (Fig. 3a) . At higher resolvase concentrations, there was much more of the less-mobile complex 2 than the faster-running complex 1, and nearly all of the site IIcontaining DNA was complexed. At the highest resolvase concentration, there was a small amount of a third, least mobile species (complex 3). The proportion of site II fragment bound to Tn3 resolvase increased sharply as the resolvase concentration was increased, suggesting cooperative binding (see below).
The stoichiometries of the Tn3 resolvase-DNA complexes were determined using 32 P-labelled DNA fragments and 3 H-labelled resolvase, each of known specific activity ( Table 1) . The method will be described in full elsewhere (D.G.B. et al., unpublished observations), but is similar in essence to that of Yang and Nash ( [21] ; see also [22] ). Our results indicate that complexes 1, 2 and 3 contain one, two and three subunits of resolvase per DNA fragment, respectively. All of the complexes consisted of resolvase bound to single DNA molecules; no multiple bands that would indicate synapsis were seen when a mixture of site II-containing fragments of different lengths was used in the gel-retardation assay (data not shown).
Complex 2 is formed by the sequential binding of two Tn3 resolvase monomers
Tn3 resolvase was added to the site II fragment at 23 C, and samples taken from the mixture at various timepoints were loaded directly onto a gel (Fig. 3b) . The extent of binding increased with time. Complex 1 represented almost half of the bound DNA at the earliest time point, but the yield of complex 2 increased with time until it accounted for most of the labelled site II-containing fragment. This behaviour is consistent with the idea that complex 1 is a kinetic intermediate in the formation of complex 2; that is, Tn3 resolvase binds to the site in two monomer-association steps. Complex 1 is not an artefact of the gel-retardation assay, derived from complex 2 by dissociation of a resolvase subunit during electrophoresis or as the samples enter the gel, because we would then expect the ratio of the two complexes to be constant and this is clearly not the case. 
Binding of Tn3 resolvase Blake et al.
identical to that observed with y8 resolvase (Fig. 4) . The traces of complex 1 seen in Figure 4 were attributed to a small amount of monomer-sized protein in the M106Cx preparation, detectable by SDS-PAGE (data not shown).
Binding to site II by y6 resolvase and the mutant M106C dimer In gel-retardation assays using y6 resolvase instead of Tn3 resolvase, the pattern of protein-DNA complexes seen was quite similar, with a weak complex 1 and a strong complex 2 band (Fig. 4) . We presume that complexes 1 and 2 represent one and two subunits of yo resolvase bound to site II, because their mobilities are similar to those of the Tn3 resolvase-DNA complexes. A third y resolvase complex was more abundant than the Tn3 resolvase complex 3.
The y8 resolvase mutant M106C has a single amino-acid substitution -from methionine to cysteine -at residue 106, which is involved in the 1,2-dimer interface [15] . When the mutant resolvase is in the oxidized state (M106Cox), a disulphide bond links the two subunits to form a dimer that behaves like wild-type y8 resolvase in gel-retardation assays [23] . When M106Cox was bound to site II, the pattern of complexes observed was almost The extent of binding of Tn3 resolvase to site II increased very sharply as the resolvase concentration was increased (Fig. 3a) , but with y8 resolvase and M106Cox, the proportion of bound fragment increased more gradually (Fig. 4) . A Hill plot of the M106Cox data had a slope of about 1, as predicted for binding of a single (dimer) unit, whereas the Tn3 resolvase data gave a steeper slope in the concentration range over which most of the binding occurred, suggesting cooperative binding (data not shown). Rigorous quantitation of these effects is not straightforward, because the free resolvase concentration in the binding mixtures might be affected by aggregation (known to occur at low ionic strength) and/or non-specific binding to carrier DNA (see Materials and methods).
Another y resolvase mutant, I1 lOR, in which an isoleucine residue at the 1,2-interface (position 110) is replaced by an arginine, is monomeric in solution. This protein formed six complexes with y8 res in a pattern similar to that which we observed with Tn3 resolvase [18, 23] . This result supports the view that the 1,2-dimer interface is weaker in Tn3 than in yb resolvase.
Tn3 resolvase must bind at the left end of site II to form a stable complex
We examined the roles of the ends of site II in Tn3 resolvase-site II interactions by methylation-interference experiments [24] . Methylation of DNA by dimethyl sulphate occurs mainly at the N-7 position of guanine, which lies in the major groove. Previous methylation interference and protection studies on the complete res region [25, 26] have shown that resolvase makes majorgroove contacts with guanine residues at the ends of site II. The results of our methylation-interference studies of the interaction between Tn3 resolvase and the isolated site II are summarized in Figure 5a . Methylation of guanine residues at the left end of site II inhibited formation of both complexes 1 and 2, whereas methylation at equivalent positions at the right end inhibited formation of complex 2, but not complex 1. Thus, binding of a monomer requires contacts at the left end, but not at the right; binding of two monomers requires contacts at both ends. Methylation of guanine residues in the central region of site II had no effect on binding, suggesting that there is no strong interaction in the major groove with these residues.
The isolated left end of site II binds Tn3 resolvase but the right end does not To test the idea that Tn3 resolvase binds first to the left end of site II, fragments were made that contained only the left end, or only the right end, of site II. Fragments containing the right-end sequence (base-pairs 1-12) surrounded by non-site-II DNA did not bind tightly to Tn3 resolvase in the gel-retardation assay (data not shown). To define the minimal sequences required for binding to the left end, the right end of site II was proformed when Tn3 resolvase was incubated with IIA5 and gressively deleted and replaced with heterologous IIA10, but only complex 1 was observed with the IIA17 sequence (IIA5, IIA10, IIA17, 11A22; Fig. 2) . When five or 11A22 sequences. Although only 13 bp of the left-end or more base pairs were deleted from the right end, comsequence of site II remained intact in IIA22, a stable plex 1 predominated, even at high concentrations of Tn3 complex was still formed. A mutation (adenine to guaresolvase (Fig. 6a) . Small amounts of complex 2 were nine) at position 10 of the left end of IIA22 abolished binding (data not shown). Binding of Tn3 resolvase to the fragments progressively weakened as the size of the deletion increased (compare the ratios of unbound to bound DNA in Fig. 6a ), suggesting that there might be a weak, sequence-dependent interaction of a Tn3 resolvase subunit at the left end with sequences near the centre of the site. A weak interaction with the central sequence was also suggested by the formation of some complex 2 with the IIA10 substrate, in which almost all of the rightend recognition sequence for the carboxy-terminal domain has been removed.
We can use our results to estimate the following dissociation constants, making the assumption that all the Tn3 resolvase is monomeric in solution in our assays. For binding of a monomer to the left end, Kd(monomer 1) is -300 nM (the concentration at which 50 % of IIA22 is bound in experiments similar to that shown in Fig. 6a ).
For binding of a second monomer to the full site when the left end is already occupied, Kd(monomer 2) is < 20 nM (the concentration at which there are equal amounts of complexes 1 and 2 in titration experiments similar to that shown in Fig. 3a) . We observed only traces of complex between a Tn3 resolvase subunit and the right end of site II (data not shown); we therefore estimate the dissociation constant to be > 5 xM. The resolvase concentration at which half of a site II-containing fragment is bound (mainly as complex 2) is -50 nM. Because this concentration should be equal to (Kd(monomer 1) x Kd(monomer 2))2, we predict an actual value for Kd(monomer 2) of -8 nM, which is consistent with our observations. These values may be overestimates because of the possible complications discussed above, or because of the loss of weak complexes during the gel-retardation assay.
The fragments IIA5, IIA10, IIA17 and IIA22 were also tested for their ability to bind to y/ resolvase and the M106Cx mutant. Complexes 1 and 2 were formed between y/ resolvase and all of the fragments (Fig. 6a) .
The interaction between the two subunits of y8 resolvase thus appears to be stronger than the equivalent interaction in Tn3 resolvase, as a complex containing two subunits of yb resolvase can persist on a DNA fragment entirely lacking the right end of site II. The mobilities of the complexes of -y8 resolvase differed slightly from their Tn3 resolvase counterparts. As expected, the M106Cx protein mainly formed complex 2 with all of the fragments (data not shown).
The Tn3 resolvase-site II complex 2 has an asymmetrical structure The DNase I footprinting technique was used to analyse the regions of contact between Tn3 resolvase and site II (Fig. 5b) . The observed protection is consistent with binding of the carboxy-terminal domain of resolvase to the recognition sequences at each end of the site, in the major and adjacent minor grooves [9] . The central region of the site is also protected, presumably because of further interactions between DNA and the amino-terminal domain of Tn3 resolvase. Protection of the central sequence is noticeably asymmetrical. For example, several phosphodiester bonds just to the right of the centre are unprotected, whereas the equivalent region to the left of the centre is strongly or partially protected (Fig. 5b) . This footprint of the isolated site II is similar to the protection seen when site II is part of an intact res [6, 27] . Asymmetrical protection of site II from hydroxyl radical cleavage has also been observed [11] .
Resolvase does not bind detectably to non-specific sequence replacing the right end of site II The complexes formed between IIA22 and the Tn3 and /yb resolvases were also analysed by DNase I footprinting (Fig. 5c,d ). Both resolvases protected the left-end sequence, and several phosphodiester bonds to the right of the 12 bp end motif, but did not protect the nonspecific sequence in the region that the right end of a res binding site would have occupied. Interactions between The EcoRI site (marked) was created by altering the sequence TAAAAC in the natural res (top strand) to GAATTC. The res in the plasmids used here is the same except that site II is in its natural orientation (as in Fig. 2 ).
Binding of Tn3 resolvase Blake et al.

RESEARCH PAPER 1041
resolvase and this sequence must be either non-existent, or weak enough to be disrupted by DNase I binding. Thus, the binding of the second subunit of -y/ resolvase to this fragment, as detected in the gel-retardation assay, might be primarily due to an interaction between two resolvase subunits, and not between the second subunit and the DNA. The pattern of protection of IIA22 by Tn3 resolvase was similar to that of the left end in the complete site II, suggesting that the interactions of the subunit with the left end do not change to a great extent upon binding of a second subunit.
Insertion of sequence at the centre of site II does not block complex 2 formation
To determine the importance of the length of the site for the observed interactions between the half-sites, we made variants of site II containing either 5 or 10 bp of extra sequence at the centre (II+5, II+10; Fig. 2 ). The inserted sequence was designed to resemble the sequence at the centre of the natural site II. Insertion of 5 bp should alter the helical phase of the half-sites by about 1800, and insertion of 10 bp should restore the original helical relationship but increase the distance between the ends by about 34 A.
Both II+5 and II+10 substrates bound Tn3 resolvase to form complexes 1 and 2 (Fig. 6b) . The stoichiometries of these complexes were as for the natural site (1 and 2 monomers of resolvase per fragment; Table 1 ). In both cases, the affinity of the site for resolvase was lower than with the natural site II, and there was an increased amount of complex 1, indicating reduced cooperativity of binding. There was also more of a third complex, particularly with the 11+5 substrate. The results of DNase I footprinting experiments indicated that resolvase bound to both ends of the 11+5 and II+10 sites; in particular, the characteristic enhancements of cleavage at phosphodiester bonds within the sequences that interact with the carboxy-terminal domain of resolvase were evident (data not shown; see legend to Fig. 5 ). Because the isolated 12 bp right end of site II does not bind strongly to resolvase (see above), the formation of a two-subunit complex with 11+5 and II+10 suggests that direct interactions with the monomer bound at the left end help the resolvase to bind to the right end. This in turn suggests that Tn3 resolvase must be a very flexible molecule, as interactions between the subunits are maintained despite the changes in site structure. A site II derivative, with a 2 bp deletion in the central region, also formed complexes 1 and 2 with Tn3 resolvase (data not shown).
The DNA in complexes I and 2 is bent
The site II sequence was cloned into the pBend2 vector [28] in order to allow analysis of resolvase-induced DNA bending by the circular permutation method [29, 30] . The migration of site II-Tn3 resolvase complexes was substantially more retarded when the site was near to the centre of the DNA fragment than when it was close to an end, implying that there is a bend close to the centre of site II in each complex (Fig. 6c) . The bend in complex 1, produced by the binding of a resolvase monomer, appears to be of comparable magnitude to the dimer-induced bend in complex 2.
A similar analysis using the II+5 and II+10 substrates (data not shown) showed that the resolvase-induced bend was apparently at a similar position ( about 5 bp) in complexes 1 and 2 formed with both substrates; that is, about 14 bp from the left end of the site. Taken together, these data support the idea that the resolvase monomer bound at the left end of site II introduces a bend into the DNA which is not greatly perturbed in position or angle by the binding of the second resolvase subunit. The DNA is also bent in the complexes 1 and 2 formed by Tn3 resolvase binding to site I [8] .
Site II acts asymmetrically in the resolution reaction
In order to determine whether the asymmetry of the site II sequence is important for site-specific recombination, we made plasmid resolution substrates in which the orientation of site II was reversed in one or both of the res regions. There was virtually no resolution of a plasmid substrate containing two such resIIrev regions by Tn3 resolvase (Fig. 7) or by y resolvase (data not shown).
Resolution of a plasmid with one res and one resIIlrev site was less efficient than resolution of a substrate containing two res sites. The orientation of the asymmetrical site II sequence is thus important in the recombination reaction.
In experiments with Tn2l resolvase, there was a partial retention of resolution activity when Tn2 l res site II was replaced either with the Tn3 res site II or a CAP-binding sequence, leading to the conclusion that an important function of resolvase binding to site II is to introduce a bend into the DNA [31, 32] . Our data indicate that the resolvase-induced bend at site II is not exactly at the site's centre, so reversing the site will change the bend's position and helical phase relative to the rest of res; this may explain the effect on resolution efficiency. Alternatively, a specific asymmetrical structure of the resolvase dimer bound to site II could be required for it to function as part of the synaptic intermediate (see Discussion).
Discussion
Monomers and dimers
A very simple illustration of some species and equilibria that might occur in the binding of resolvase to a site is shown in Figure 8 . The figure does not illustrate possible complications, such as higher-order interactions of resolvase subunits and differences in binding at the two ends of the site. Given this scheme, two questions can be asked. First, which of these species are present at any stage in a binding reaction? And second, which interactions are important in the pathway to the fully occupied site (complex 2)? It is clear from our results that a resolvase monomer can bind to site II (or its left end) to form a stable complex, and that an obligate dimer of yb resolvase (M106Cox) can also bind to this site. Thus, both monomers and dimers will bind if they are present. What subunits rearrange themselves within a catalytic tetramer [5] . Our results indicate that the interaction between resolvase subunits in the dimer is reversible, consistent with the idea that this interface is disrupted during catalysis. actually happens will be determined by the concentrations of monomers and dimers in the binding mixture, the rates of association with the site by monomers and dimers, and, perhaps, the rate of interconversion of monomers and dimers (if the equilibrium concentration of one species is very low).
The behaviour of Tn3 resolvase in the binding assay is most simply explained by a predominantly stepwise, cooperative binding of individual subunits -that is, a Tn3 resolvase dimer-site II complex is formed when a second monomer associates with a monomer-site II complex (steps 1 and 2 in Fig. 8 ). On the other hand, for -y resolvase, the predominant binding unit is apparently a 1,2-dimer (steps 3 and 4 in Fig. 8 ), although site II-monomer complexes can also form. Our tentative conclusion is that, in our assays, Tn3 resolvase is mainly monomeric in solution, but y resolvase is mainly dimeric; however, the end result of binding is the same (site II occupied by a resolvase dimer). Gin invertase, which is a member of the resolvase family of recombinases, may also be partly monomeric in solution [33, 34] .
Cooperative binding of monomers to form on-site dimers has been reported for LexA [35] and the glucocorticoid receptor [36] ; several other proteins also show similar cooperative effects in binding assays. Cooperative binding is used in biological systems to effect a change from the unbound to a fully bound state with a small increase in protein concentration [37] . The different binding pathways of Tn3 and y8 resolvases might reflect as yet uncharacterized differences in the details of their in vivo functions.
Certain models for the catalysis of strand exchange by resolvase and its relatives demand that the recombinase Differential binding to the ends of site II The ends of Tn3 res site II are quite similar (8 out of 12 bp are identical; Fig. 2) . However, the left end of site II binds a Tn3 resolvase monomer much more strongly than does the right end. Why does site II behave so asymmetrically? Werner et al. [1] have suggested that long DNA recognition sites are too large to be recognized all at once, and might contain much shorter sequence elements which act as the initial targets for recognition. Our evidence that Tn3 resolvase first binds to the left end of site II is consistent with this idea. The different affinities of the ends might be relevant to the roles of resolvases in transcriptional regulation [3] and site-specific recombination [4] . It is also possible that the different affinities are a secondary effect of asymmetries in the site II sequence that are required for the formation of an asymmetrical complex with a resolvase dimer.
Proposed structures of complexes of resolvase with site II As shown in Figure 7 , reversal of the site II sequence orientation within res causes a severe defect in the resolution in vitro. The asymmetry of the site is therefore functionally important. We propose that the DNA sequence of site II directs the formation of a specific asymmetrical complex with resolvase that is necessary for a catalytically functional synapse.
The bending of the DNA near the centre of site II in both complexes 1 and 2 suggests an interaction between the DNA and the amino-terminal domain of the resolvase. Previous footprinting and related experiments, and the effects of mutations at the centre of site I [6, 9, 25, 26, 38] , also suggest that this is the case. However, no binding to site II has been observed with the isolated amino-terminal domain of Tn3 or y8 resolvase (D.G.B., unpublished observations; [7] ).
A y resolvase-DNA co-crystal structure has recently been solved [16] . The DNA sequence in the complex is a symmetric version of site I. Some features of the structure are shown in Figure 9a . A 1,2-dimer of amino-terminal domains is positioned over the minor groove at the centre of site I. The carboxy-terminal domain of each subunit binds in adjacent major and minor grooves at one end of the site, and is connected to its amino-terminal domain by an extended 'arm' region that follows the minor groove. The DNA is bent towards the major groove at the site centre; otherwise its structure is quite normal B-form. The two subunits in the dimer have different conformations, especially in the arm region, although their interactions with the DNA are broadly similar. In contrast, we propose that the interactions of the two subunits bound at site II are very different.
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RESEARCH PAPER 1043 equivalent to that of the subunits in the crystal structure of y 8 resolvase bound to site I, in both the monomer and the dimer complexes. This idea is supported by the similar DNase I footprints of the left end in the monomer complex of IIA22, and in the dimer complex of an intact site II. Therefore, in the monomer complex, the aminoterminal domain interacts with the DNA in the minor groove about 3 bp to the left of the centre of the site, and introduces a bend towards the major groove. A second subunit binding to this complex must interact with both the amino-terminal domain of the subunit bound to the left end and with the recognition sequence at the right end, which is 6 bp further away from the left end than in site I, and helically displaced by about half a turn (assuming that the helical pitch of the DNA is not substantially changed by resolvase binding). Site III of res is nearly a turn of the DNA helix shorter than site II, and site I is about half a turn shorter. If the resolvase dimer had a rigid structure, severe distortions of the DNA would be required to allow binding at some of the sites; there is no evidence that this is the case. Resolvase is apparently a flexible protein that can adjust its structure to cope with variations in site length. The retention of cooperative binding of two resolvase subunits to site II derivatives with insertions or deletions at the centre of the site (Fig. 6b) is further evidence of this flexibility (see also [15] ).
In Figure 9b , we present a model for the complex formed between two subunits of resolvase (Tn3 or y) and site II. We propose that the strongly bound subunit at the left end of site II is in a conformation approximately
We propose that the polypeptide connecting the two domains of the second subunit stretches across the major groove (as shown in Fig. 9b ), rather than following the minor groove, as in the site I complex (Fig. 9a) . The subunit will therefore make fewer contacts with the minor groove at the inner part of the right-end DNA sequence; this region is less well protected from DNase I cleavage than the equivalent region at the left end (Fig. 5) . It is also relevant that three of the four differences between the left-and right-end sequences are in this region (positions 10, 11 and 12; Fig. 2 ), and that a mutation at the left end at position 10 blocks monomer binding. Minor-groove interactions at positions 10-12 might be important for bending of the DNA by the subunit bound at the left end. The fourth difference between the ends (at position 5) is likely to be less significant for binding, because the first five base pairs of the right end of Tn3 res site II (TGTCT) are found at both ends of y site II.
We have not yet studied the significance of the central 10 bp of site II for specific complex formation. Our results show that its length and sequence are not critical for the formation of either the monomer or dimer complexes. Nevertheless, resolvase does interact with the DNA in this region, and it would be surprising if its sequence were not adapted to facilitate formation of the asymmetrical dimer complex required for efficient resolution.
The proposed structure of the two-subunit complex at site II (Fig. 9b) provides an explanation for the effect on recombination of reversing the orientation of site II within res. Site II is believed to have an 'architectural' role in the active synapse, perhaps helping to hold the recombining site Is together in an appropriate geometry. The complex with site II might be designed to make specific protein-protein interactions with another part of the synapse; alternatively, its most important function might be to create a bend with the correct position, angle and phase. The structure of the synapse is still very illdefined; although it is known that the two res regions are interwrapped, as outlined in Figure 1c , the interactions that define the DNA interwrapping are not understood. Because resolution by both Tn3 and y resolvase is Binding of Tn3 resolvase Blake et al.
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inhibited by the reversal of site II within res, their active complexes with site II might well be similar, even though -y/ resolvase binds to the site as a pre-formed dimer rather than in two monomer-binding steps. The departure from two-fold symmetry in the crystal structure of a yb resolvase dimer-DNA complex, even though the DNA sequence is symmetrical, suggests that the active complex with the natural site I is also asymmetric [16] , although a completely symmetrical site I is functional in recombination [18] . It is conceivable that the DNA sequences of all three inverted-repeat binding sites of res are adapted for the formation of asymmetrical complexes with resolvase.
Conclusions
We have shown that Tn3 resolvase, previously thought to be dimeric in solution, binds to DNA as a monomer, forming a dimer by cooperative interactions 'on-site'.
Our results indicate two reasons for the deviation of the res site II sequence from ideal two-fold symmetry, which might be of general relevance to systems where proteins recognize arrays of DNA sequence elements. Firstly, one end of site II binds resolvase much more strongly than the other, leading to the ordered assembly of a dimer.
Having one strong-binding recognition element might facilitate initial recognition of a site by its cognate protein, and increase the overall rate of formation of the dimer complex in vivo [1] . Secondly, the DNA sequence induces structural asymmetry in the resolvase dimer-site II complex, apparently to tailor the complex for its role in the recombination reaction.
In many structural studies of complexes of DNA-binding proteins with inverted-repeat sites, the natural site has been changed to make it symmetrical, so that both halfsites conform to a 'consensus' sequence. Although this may often be experimentally convenient, natural asymmetry should not be dismissed as irrelevant; our work has demonstrated that it can be essential to the structures and functions of such complexes.
Materials and methods
Plasmids and DNA The DNA fragments used in the binding, footprinting and methylation-interference experiments were obtained by restriction-enzyme digestion of plasmids containing the relevant sequences. With the exceptions noted below, the plasmids were made by ligating double-stranded synthetic oligonucleotides into pUC18, which had been digested with XbaI, or with Xbal and Sail, or XbaI and PstI. The ligation mixtures were used to transform the E. coli recF strain DS941, and plasmid DNA was prepared as described previously [39] . In the gel-retardation experiments, we used EcoRI-HindIII restriction fragments from these plasmids, which were radioactively labelled by filling the ends using the Klenow fragment of DNA polymerase I and [ot 32 P]dATP. The plasmids used for bend analysis were made by ligating synthetic fragments containing site II, 11+5, or 11+10 into pBend2 [28] , which had been cut with XbaI, or XbaI and Sall. The sequences of all the plasmids were confirmed by dideoxy sequencing. The plasmids used in the resolution experiments (pOG3, pMS31, and pMS32) were derived from the pMTL23 vector [40] . The resolution substrates are identical except within the res regions, which are separated by 1.5 kbp. The res site used in these experiments is mutated from the natural Tn3 sequence at three base pairs in the spacer sequence between sites I and II, creating an EcoRI site. We have shown that these changes have no effect on the efficiency of resolution (unpublished observations); resllrev is identical, except that site II is in the reverse orientation (Fig.  7c) . Full sequences of all the plasmids and DNA fragments used here are available on request from W.M.S.
Resolvases and other enzymes
Tn3 resolvase was purified as described [41] . One unit of Tn3 resolvase is equivalent to a monomer concentration in the binding mixture of approximately 80 nM. The y8 resolvase and the mutant yo resolvase M106Cox were generously provided by N. Grindley. One unit of y8 resolvase is equivalent to approximately 50 nM (monomer), and one unit of M106Cox is equivalent to approximately 30 nM (oxidized 'dimer'). The concentrations of reference samples were determined by amino-acid analysis, and other fractions were compared by denaturing PAGE or in gelretardation assays. All other enzymes were from commercial suppliers, and were used according to their instructions.
Gel-retardation assays
Resolvase was diluted in 1 M NaCl, 10 mM Tris-HCI (pH 7.5), 0.2 mM EDTA, 50 % v/v glycerol. Dilutions were stored at -20 °C. The DNA fragment to be bound was dissolved in a buffer containing 10 mM Tris-glycine (pH 9.4), 0.1 mM EDTA, 10 % v/v glycerol, and 25 g mnil-1 supercoiled pUC18. Radiolabelled binding-site-containing fragments were used at very low concentrations (<< 1 nM). A 0.4 p. 1 aliquot of diluted resolvase was added to each 10 p.1 sample, giving a final NaCl concentration of 40 mM. The samples were mixed and incubated at 37 °C for 10 min (unless stated otherwise), then cooled in ice and loaded immediately onto a 6 % polyacrylamide (30:0.8 acrylamide:bisacrylamide) gel running at -3 V cm -1 . The buffer in the gel and tanks was 50 mM Tris-glycine (pH 9.4), 0.1 mM EDTA [18] . The gels were run at 4 °C with recirculation of the buffer, and were pre-run at 6 V cm -1 for about I h before loading the samples. After the samples were loaded, the voltage was increased again to -6 V cm -, and the gels were run for -4 h. The gels were dried and the bands were visualized by autoradiography, using standard methods. The intensities of the bands were quantitated by densitometry of autoradiograms.
Changes in the buffers used for the binding reactions or for running the gels had some effects on the patterns of complexes observed, attributable primarily to alterations in complex stability during electrophoresis, or poorer gel resolution (data not shown).
Determination of the stoichiometries of complexes
The method was adapted from that of Yang and Nash [21] . Briefly, 3 H-labelled Tn3 resolvase was made by inducing its production in the E. coli strain MA6114 [40] in the presence of 3 H-labelled valine, leucine, isoleucine, lysine and arginine. The resolvase was purified by an adaptation of the normal protocol. Its specific activity was determined by quantitative amino-acid analysis, and scintillation counting. The 32 P-labelled site II fragment was prepared as described above, then diluted with unlabelled fragment. The DNA concentration was determined by measuring the absorbance of the mixture at 260 nm (using an extinction coefficient of 13 000 1 mol-lcm -1 per base pair), and its activity was determined by scintillation counting. Gel-retardation assays were then carried out as described above. The gels were stained using a rapid silver-staining protocol, and bands corresponding to complexes were excised. After treatment with hydrogen peroxide to break down the polyacrylamide gel matrix, the activities of 3 H and 32 p were determined by doublechannel scintillation counting.
DNase I footprinting and methylation interference
These techniques were carried out essentially as described [24, 42] . The DNA fragments used were either end-labelled, as described above, or 32 P-labelled with T4 kinase at their 5' ends, after dephosphorylation with calf intestinal phosphatase. The buffer used for binding resolvase to the DNA was 50 mM Tris-HCI (pH 8.2), 40 mM NaCl, 10 mM MgC1 2 , 0.1 mM EDTA, 2.5 % v/v glycerol. In the footprinting reactions, the DNA was incubated with resolvase for 10 min at 22 C before the addition of DNase I.
Resolution assays
Resolution reactions, analysis of the products by nicking with DNase , and agarose gel electrophoresis were carried out as described [39] . Reactions were carried out for 1 h at 37 C, in a buffer containing 50 mM Tris-HCI (pH 9.4; pH 8.2 for reactions with yo resolvase), 10 mM MgCI 2 and 0.1 mM EDTA. After DNase I nicking, the products were run on a 0.7 % agarose gel.
